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Measurements of Material Properties Using
Differential Capacitive Strain Sensors
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Abstract—This paper describes a laterally deflecting micro- and die attachment materials and deployment conditions
machined device that offers high sensitivity and wide dynamic such as operating temperature and humidity can also have an
range to electronically monitor the thermal expansion coefficient, impact. The ability to directly monitor select properties would

tensile and compressive residual strain and Young’s modulus of I t fi f devi to ch -
microstructural materials, as well as the temperature dependence &''0W accuraté compensation ol device response to changing

of these properties. The device uses sidewall capacitance betweegonditions. The properties of primary interest in this study are
interdigitated tines to sense displacement caused by the releasestrain and Young’s modulus, which are related by stress. In

of residual stress in bent-beam suspension. Electrostatic force is gddition, the coefficient of thermal expansion is studied for
used to obtain load-deflection proflles. The suspensions and tines .5ses in which thermal stresses are significant.

are arranged such that output is a differential readout, immune . . .
to common mode parasitic capacitance. Analytical and numerical ~ Average stress in a thin film can be monitored by commer-

modeling results are presented and the device concept is verified cial tools from the change in curvature that it induces on sub-
by three different fabrication approaches using polysilicon and = strate wafer [3]. A number of micromachined strain sensors
nickel as structural materials. Measured values of residual strain, complement this method, offering spatial resolution of a few
thermal expansion and Young’s modulus are very consistent with hundred microns. Altho 'h some of these require mechanical
measurements taken by other approaches and those reported u X ! ) .UQ . qui :

previously. For example, the residual strain in certain electrode- actuation [4], [5], most involve passive structures that are de-
posited Ni structures was tracked from 68.5 microstrain at 23C  signed to deform measurably under the residual stress when
to —420 microstrain at 130°C, providing an expansion coefficient - they are released from the substrate [6]-[12]. These deforma-
of 8.2 ppm/K; the best fit Young's modulus provided by the device ;¢ ore measured visually, sometimes using a micromachined
was 115 GPa. [737] . . . . .

N _ vernier. Although useful in a laboratory setting, this method is
ﬁl_n_dex T\?rms—‘Cap%m}lve measurement, strain, temperature co- not necessarily convenient for high volume manufacturing. In
efficient, Young's modulus. this context, an electrical readout better conforms to standard

integrated circuit (IC) test equipment and procedures. More im-
|. INTRODUCTION portantly, an optical or visual readout renders the strain sensor

ONITORING the mechanical properties of structura'ljsel'ESS upon packaging, eliminating many conceivable appli-

materials is a critical challenge in MEMS research an%ations, whereas an electronic readout potentially permits the
- ; o gttr@in sensor to be co-fabricated or co-packaged with another

device such as an accelerometer or gyroscope, improving the
stress ) and the thermal expansion coefficieny bf structural system accuracy by offering real-time or test-mode calibration

materials, which can vary with manufacturing conditions. It i§ver the lifetime of its deployment. .
particularly challenging to control these properties in additive AN €lectrostatic pull-in technique has been used in the past to
fabrication processes, in which the structural material is dglectronically monitor residual stress [13], [14]. In this method,
posited onto a substrate wafer. For example, residual stress fh 8lamped bridge or diaphragm is deflected by applying a
thin film of polysilicon formed by low pressure chemical vapo¥oltage bias to an electrode located under it, generally to the
deposition (LPCVD) may vary with deposition temperaturéint that it collapses, although this is not always necessary
pressure, doping, as well as post-deposition anneal conditi&%ause the capacitance between the gctuatlon electrode anq the
[1], [2]. Packaging variables such as the choice of packagifigicrostructure can be used to gauge displacement and obtain a
load line [15], [16]. This technique is better suited for tensile
Manuscript received August 3, 2001; revised March 24, 2002.Thisworkwén;aterlals because mOderate compressive f(_)rces may blfICkle
performed at the University of Wisconsin, Madison, and supported in part by H€ Structure and render it unusable. In addition, the vertical
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of Wisconsin and by Canopus Systems, Inc., through U.S. Army Aviation al ; : ;
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variations in Young's modulusK), residual straind), residual
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This paper describes a micromachined strain sensor that pr -z, ...nsions
vides an electronic readout from a laterally deflecting structure aqchoe
1that combines the behavior of passively deformed and elec %
trostatically actuated structures to provide certain unique cap: _ e
bilities. The readout is a differential capacitance, which is im- & g =% 11
mune to common mode parasitics. Moreover, a single devic EE - {
is not only suitable for monitoring a wide range of tensile and & =, | -
compressive strains, but also yields the Young’s modulus of th{ "
structural material upon the execution of a simple capacitanc
versus voltage@—V) test such as that used routinely in charac-
terization of MOS transistors. It is a single-layer device and thu:
simple to fabricate. Since the structure is never deflected to the
point of collapse, it is expected to provide a long deployment
lifetime and is potentially suitable for the postpackaging moni-
toring of material properties in real-time or test-mode operation

In this effort, the operation of the differential capacitive strain 3
sensor is theoretically evaluated and experimentally verifiedF —
Section Il describes the operation and modeling of the capar 7
itive strain sensor. The discussion also includes the effects ¢
nonidealities to the performance of the sensor. Section Ill out
lines the three distinct fabrication sequences used to validate ti My
device. Section IV presents the measured results for three se
of fabricated devices. It is demonstrated that these devices ci

be used not only to measure the stated properties of both tens ¢ Fe/2

and compressive materials but also to provide the temperatu. .

coefficient of these properties. Finally, Section V summarizes (b)

the findings in this effort. Fig. 1. (a) Schematic of the differential capacitive strain sensor and

(b) definition of bent-beam dimensions.
Il. MODELING
This section presents analytical and numerical models fgrelated tothe stiffness of the suspension, which s proportional

lated to both the strain measurement and the Young's md@-the Young's modulus. The curves obtained are referred to as
ulus measurement. The impact of structural nonidealities is afsoV curves. The procedure for determining Young's modulus

evaluated. is, therefore, similar to th€—V test commonly used for MOS
transistors.
A. Basic Operation Bent-beams are excellent transducers for converting both ten-

. . " . . sile and compressive residual strain to displacement [10]. The
In the differential capacitive strain sensor [see Fig. 1("’1)]'§’énsitivity and range of the deformation in the bent beam sus-

series of ribs are suspended above the substrate by bent-beg@&sion are a function of its bending angle and can be cus-
Ber_1(';—belam suspekr:spns rzllevz both tednsne _and c;)np]pres bifiized to address the needs of a particular application or fab-
residual stresses )y Inward an out_war mqt|ons of the aPR¥ation process. In general, the devices have high sensitivity
respectively. The ribs support interdigitated tines that functhc{h a wide dynamic range. A number of devices have been de-
as electrodes for the sidewall capacito_rs. The suspen_sions ed by varying the structural design parameters, with target
tines are arranged such that the capacitance on one side of 3 rl?sitivities in the range of 0.1-1 fF/MPa and a range of about
increases as the other decreases. In other words, in respons 0 MPa

residual strain in the structural material, the structures labeled, . dispiacement of the bent-beams in response to residual

A move in the oppc_)sne direction tq those labeled B and C. T Fresses can be calculated analytically. Using variables defined
permits a differential readout that is immune to common mo Fig. 1(b), the governing equation is

parasitics. The residual strain in the structural material is de-
termined from the differential capacitance, definedssS = &8y
Cap — Cac, Which is> 0 in tension and< 0 in compres- El- @
sion. The Young’'s modulus of the material is determined from

the curvature of the plot af’4 5 (or conversely('sc) versus an with the boundary conditions
applied bias voltage between elements A and B (or C). The bias
voltage causes an electrostatic force, resulting in a displacement
thatis measured by the change in capacitance. The displacement

=M=Ms—-F-y 1)

Jdy
=0 = 07 a..
Ylw=0 5

_

=9, = tané (2)

z=L/2

=0

1Portions of this article have occurred in conference abstract form in [1?{hereEI is the flexural rigidity of the SUSper.]SiOE'iS the aXifal
[18], and [19]. orce used to model the effects of stress and the suspension
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Fig. 2. Sensor response to residual strain for 2@0-long, 5um wide,
suspensions which are m in thickness; assuming 10 tines per side with an 42
overlap distance of 16¢m and a nominal gap of Am.

40 [] L L L1
length. In the absence of any externally applied forces the digT 38 } } } } } } } } } y
placement of the apex is given by (3) for tensile material and (4“;_; / / / / //////

for compressive materials 2 36
5 v L L 2 24 40 GPa
dapex‘tensile =tan@ - |:_ - tanh = _:| (3) 8
k 4 2 8 30
d : —me[z.mnk'L—ﬂ 4) 220 GPa
apex-compressive — s k le 2 30 _

wherek = (/F/(EI). The response of the sensor is plotted 280 50 100 150 200 250 300
as a function of residual strain in Fig. 2. The analytical mode! Applied Voltage (V)

closely matches finite element analysis results in this range of

dimensions [10]. Fig. 4. TheoreticaC-V curves fork.r values representing Young’s moduli
of 40-220 GPa in 20 GPa increments assuming the bent-beam compliance
dominates.

B. Capacitance—\oltage (C-V)

Whereas strain is measured from the passive deformation gfjp, incjude the contributions from the displacement of bent-

the bent beams in response tp the residqal stress, the meaxiliims, the bending of tines and the torsion of supporting ribs:
ment of Young’'s modulus requires an applied electrostatic force.
(2 - Fyp) L(V -« ktine)LErin]

This is provided by a voltage bias between two adjacent ribs.

The applied voltage changes the separation between the tines, Feit = 2 ©)
which is monitored capacitively. The slope of t@eV curve 4-Wy, -H-E -sin?¢
can then be related to the Young’s Modulus since the device di- Foo = Ly (7)
mensions are known. 2. FE-H -W2__

The C-V modeling approach was conceptually similar to Ktine =T 3.3 (8)
those described in [14], [15] and [16]. Capacitance between 5. E’“’H W
tines was numerically modeled using FastCap™ [20]. It was ki = r“b 5 9)
determined for a range of separations between tines and stored Lty - (Ltine = 05+ Loy)

in a look-up table. Starting with the zero-bias separation b@herek,, is the compliance of one bent-beakg,. is the com-
tween the tines, separation was decremented in small interv@lfance of one tine an.j, is the compliance of one support rib.
At each separation, the capacitance was determined from the rest of the symbols are as defined in Fig. 3. Equations (6) to
look-up table, while the corresponding bias voltage requirgd) are verified to be within 17% agreement with the FEA results
to cause the displacement was determined from force balagggained using ANSYS [21]. In the preferred implementation,
by equating the electrostatic attractive force to the mechani¢g) « N - ki andky, < k.q; the compliance of bent-beam
restoring force: will dominate.
V2 9C.p Fig_. 4 shows calculate@—v_curves obtained by this me_thod
—as (5) showing the effect of change in Young's modulus assuming that
2 Ay the compliance of the tines and rib is negligiblg,(< N - ki;ne
wherek.s is the effective mechanical spring constant of eadndk;, < k.ip). In effect, each of the curves shown in the figure
structural unit including two bent-beam suspensions, one tilas a different spring constant; for a lower Young’s modulus,
and associated tineg; is the in-plane displacement from thethe spring is softer, causing the response to veer up at a smaller
zero-bias position. The spring constant has three componempplied voltage. For these simulations, the suspension had the

keff'y:
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following dimensionsLZ = 198 ym, W =5 um,6 = 0.1rad, 2 28 /' z=-1pm
4.4 um thickness. Ten pairs of tines were assumed withj 67 © 26
interdigitated overlap length. The sidewalls of the tines were as 0 50 100 150 200 250
sumed to have a reentrant profile that was @ vertical (with Applied Voltage (V)

a 68 angle to the substrate) due to fabrication. The zero-bias

gap between the upper edges of adjacent tines (where the tinesd. CalculatedC-Vcurves showing the impact of out-of-plane deflection
were closest) was 1.86n. The tines were assumed tobe 2 °" ines:

above the substrate.

In order to generate curves shown in Fig. 4, the following pr¥@s 100 GPa, unless specified otherwise. Fig. 6 shows varia-
cedure was followed. First the zero-bias capacitance of the tfins in theC—V curve caused by changing the initial gap be-
structure was determined. This capacitance corresponds to#4@en the upper edges of the tines from 1,66 to 2.05,m
initial tine separation and was found by reading off the positidA 0-1#m increments. It is clear that the zero-bias capacitance
in the numerically simulated capacitance table that was pre¢Panges as expected, but the slopes ofGh¥ curves remain
ously generated. The assumed separation between the oppd§Hghly unchanged for bias values almost up to 150 V. Fig. 7
tines was then decremented infinitesimally. At each step, the 80Ws the impact of changing the sidewall angles of the tines
pacitance was determined from the table &g, was found by ©On theC-V curves from 60 to 80° while keeping unchanged
solving (5). The iterations were terminated when electrostatfte mid-height spacing at the zero-bias value. Evidently, this
pull-in occurred. An FEA simulation was also performed using@n have a significant impact on both the intercepts and curva-
commercially available CoventorWare software [22]. This cofUres. This dimensional parameter should be tightly controlled.
firmed the overall operation of the device. It also showed thkid: 8 shows how the total capacitance of a single tine varies as
even in situations that the tines are compliant, for small defle@Neighboring tine is raised or lowered. Although @evcurve
tions the pairs of opposing tines remain roughly parallel even igsshifted along thg-axis, the curvature is not significantly af-

they are deflected toward each other (see Fig. 5). fected up to 150 V. The out-of-plane deformation is minimal if
the thickness-to-width aspect ratio is high. Typically, high-as-

C. Modeling of Nonidealities pect ratio processes also provide exceptional control over side-
wall angle, offering a suitable test implementation of such a

In order to better understand the impact of structural nonide- .
" . o : ."device.
alities upon the sensor behavior, several additional simulations
were performed. In particular, variations in initial tine separa-

tion, tine sidewall angle and out-of-plane displacement of the
tines were investigated. Such variations could conceivably beDifferential capacitive strain sensors were realized using

caused by poor process control. In all of these simulations, tteee approaches. Set A used electroplated Ni as structural

nominal dimensions were as for Fig. 4 and the Young’s modulosaterial with molds formed by standard UV lithography; set

Ill. FABRICATION
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(b) (d)

Fig. 9. Images of fabricated capacitive strain sensors: (a) set A, optical micrograph of a Ni structure, (b) SEM image of the set A variant denosetiB\0, (c
LIGA Ni structure, and (d) set C poly Si structure.

B, also using Ni, was implemented with LIGA technologymaterial etched away. Following this, the sample was coated
with molds formed by collimated X-ray exposure; set C usedith a self-assembled monolayer using octyltriethoxysilane
LPCVD polysilicon in a surface micromachining process.  (ODS, CH;(CH:)7Si(OC;H5)3) [17]. Octyltriethoxysilane is
Set A was fabricated on silicon wafers insulated withrh  preferred over other alternatives, such as octadecyltrichlorosi-
thick thermal oxide and 0.pm thick LPCVD nitride. A 2um  lane (OTS) and perfluorodecyltrichlorosilane (FTDS), because
thick sputtered Ti sacrificial layer was patterned and cover@DS is less sensitive to moisture contamination and yields an
with a Cr/Ni seed layer. The devices were electroplated intoaglvancing contact angle of 93or water on an oxidized Si
photoresist mold from a nickel sulphamate solution. AtG4 wafer. It was found that the ODS solution remained effective
temperature, using 5-10 mA/éncurrent density, a thicknessin excess of 24 h after the preparation of the chemical under
of 4.4 ym was achieved in 9.5 min. The electroplating wasormal laboratory conditions. An optical image of a fabricated
performed using a nickel anode in a 1500 mL Pyrex beakstructure is shown in Fig. 9(a).
with 1000 mL of plating solution agitated with a motor. The In a variant of set A denoted set A0, the current density and
sidewalls of the plated structures were® 8 the substrate due temperature used for the electroplating step were modified, pro-
to resist reflow during the hard bake. (This can be determinddcing tensile Ni which had 192—-26#train at room tempera-
from the thickness of the mold and the difference betweduare. A structure from this set is shown in Fig. 9(b).
the line widths at the bottom and the top of the feature.) The Set B was fabricated on (#7740) glass substrates using LIGA
photoresist mold was subsequently stripped and the sacrifidiethnology [23]. These devices were plated on @an#thick
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sacrificial layer using a Ni sulphamate solution which had Ni 18

concentration of 82 g/L. At 58 temperature and 32 mA/ém . .

current density, a thickness of 28n was achieved in 95 min ¢ . ¢

[see Fig. 9(c)]. The electroplating was performed with a nickeg 16 . _—

anode in a 400 mL tank with a pump and a filter. The increase:€ * **t .

thickness provides large sidewall capacitance, which improvegj.
sensitivity and reduces measurement uncertainty. Thick struc
tures also eliminate out-of-plane deformation and resist buck = 14 ry
ling even when highly compressive forces are encountered. Tt /*
LIGA devices also benefit from precise dimensional control anc
from vertical sidewalls.

Set C, the polysilicon devices, were fabricated on a Si sub 12
strate with a 2=m oxide isolation layer capped by a Fxkhick
LPCVD nitride layer. The sacrificial layer was 2/m thick
PECVD oxide, while the structural layer was 2u0 LPCVD  Fig. 10. The thermal expansion coefficient of the structural metal as measured
polysilicon deposited at 66C in two layers, between which by passive bent-beam strain sensors.
a phosphorus implant of % 10'® cm~2 was performed. The
polysilicon was annealed at 100D for 30 min and patterned

0 50 100 150 200 250 300
Temperature (°C)

Temperature (°C)
20 40 60 80 100 120

by an Sk and G reactive ion etch (RIE). The sacrificial layer 0
was etched in buffered HF acid. A device is shown in Fig. 9(d) o Device 1
\ s Device 2
IV. EXPERIMENTAL RESULTS o m— o ° Dev!ce 3
< Device 4
This section describes measurements of fabricated samplgT P
Residual strain measurements and the extraction of thermal e -8 S VN 5
pansion coefficients are described first followed®@yV mea- < s % g8 ® : o ° o
surements of Young’s modulus. The performance of the capat / = ¢ & @
itive strain sensors was verified in both tensile and compressiv -12 <
material. Theory model with ° e o
OCNi - OCSi =10 ppm/K °

-16

A. Thermal Expansion Coefficient and Residual Strain

Measurements Fig.11. The thermal expansion coefficient of the structural metal as measured

. . . by four adjacent differential capacitive strain sensors. The support ribs buckled
Passive bent beam strain sensors [10] were located adjacr%g 6@C_J P PP

to the capacitive devices in the layout. Vernier readings from

these devices were used to determine the local residual stiggpc 1o 15.1 ppm/K averaged over the temperature range of
and using this information the expected values of differential cag_3g7c [26].

pacitance were calculated by the analytical approach describeg,e capacitive strain sensors were then used to monitor the

in the modeling section. In addition, samples were heated aQfesidual strain in set A as a function of temperature. Mea-

strains were measured as a function of temperature. “surements from four adjacent devices showed a linear increase
The« for Ni dgposned in se_tAwas first measured by passivg gifferential capacitance from 2@ to 60°C (see Fig. 11).

bent-beam strain sensors, with= 198 um, W = 6 um and \jeasurements were taken witk0.5 fF precision using a de-

0 :'0.1 rad. Str'aln.was measured asa function of temperatyfige with 10 tine pairs with 16§m overlap length and &m

by visually monitoring their deformations and compensating fo{y minal gap, suspensions with= 198 zm, W = 6 um and

« of Si, which changes from 2.5 ppm/K at23to 4 ppm/K at 4 _ ( 2 rad. and ribs withl, = 438 pmandW = 10 um. The

500°C [24] device response to increasing temperature was theoretically es-
d(e(T)) timated using Fast_CapTM, assuming _that the _averagﬁ_ Ni
T (10) exceeds that for Si by 10 ppm/K. This result is superimposed
on the measured data in Fig. 11. Based on the passive strain
where e(T') is the strain observed by the strain sensor. Theensor measurements (see Fig. 10) and previously published re-
residual strain changed from 1110~'° at 23C to —880 sults, the expansion mismatch between nickel and silicon over
microstrain at 100C. The « for Ni used in set A increased 20-60C was 6—11 ppm/K, consistent with the differential ca-
from =~ 13.5 ppm/K at 50C to =~ 16.5 ppm/K at 150C (see pacitance measurements. Attemperatnd®°C, however, the
Fig. 10). This compares well with previously published resultg.4-:m thick devices were affected by out-of-plane buckling of
One report indicates that for Ni increases from 10.2 ppm/K the support ribs. This suggests dimensional constraints for de-
at 20°C to 16.3 ppm/K at 300C and holds the latter value vice designs.
at 400C as well [25]. Another report indicates thatfor Ni In the variant of set A denoted A0, a device with dimensions
electroplated under particular conditions may increase frooh L = 100 pum, W = 4 pm andé = 0.1 rad. with 18 tine
8.5 ppm/K averaged over the temperature range from 25gairs at 1.3:m separation and 94m overlap, was expected to

anetal(T) = agi(T) —
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Fig. 13. MeasuredC-V as a function of temperature for surface

Fig. 12. Capacitance change referenced to the neutral position for a LIGHCTOMachined Ni structure. The buckling temperature for this device
device. was> 70°C.

produce aAC = 5.7 fF. In comparison, the measured value 50

was 4.8 fF.

The AC measurements of a set B device indicated that thc 48
residual strain wag-68.5 microstrain at 23 and—236 mi-
crostrain at 85C. These values were determined by fitting the§ 46 - o
measured\C to calculated values using the procedure outlinecg F'tted%\
in the Section II. This device had 24 tines in each of four banksg 44 —--_Measured
with 900.:m overlap length, 1040m total length, 29:m width
and 10m nominal gap; suspensions with = 1000 pm,
W = 10 pm width andd = 0.1 rad.; and ribs with. =
2550 pm andW = 45 um. Thea for Ni was calculated for set
B devices by using (10) and the capacitively measured value 400 10 20 30 20
of strain. After accounting for the: for #7740 glass which is Applied Voltage (V

o . pp ge (V)
3.25 ppm/K [24], these measurements indicatedhat Ni that
was plated for set B devices was 8.2 ppm/K when averaged Oovgt 14. Comparison of a measur&-V curve from Fig. 13 to a fitted
23-85C, which falls within the range previously reported [26]theoretical curvel” = 60 °C.
Further confirmation of the expansion coefficient was obtained
by using the change @4 alone as a function of temperaturewas reported in [28] using a resonant beam technique. Another
The calculated and measured capacitances were referencestiifly based on precision tensile machine tests reported 158 GPa
the C4c at 37C, which was the interpolated zero-stress temand 181 GPa for two separate runs done at the same foundry
perature (Fig. 12). The close fit indicates thatfor Ni was [5], [29]. Another study concluded that the modulus decreased
7.9 ppm/K. At 130C the calculated increase in the gap betwedgrom 156 GPa to 131 GPa when the electroplating current
the tines (with respect to the zero-stress position) was/@®5 density was increased from 20 to 70 mAfkmwhen using a
corresponding to a residual strain 8420 microstrain. This nickel sulfate-based bath [27]. Yet another study reported a
matched with the calibrated visual measurememt&.7 :m.  Young’s modulus of 231 GPa using a technique similar to the

In the set C devices, the residual stress measured by the passile machine method [31].
sive strain sensors was compressive, at 250+28in. Fora  Fig. 13 shows CV curves that were measured at various tem-
device with suspension length of 1pfn, width of 4m, thick-  peratures for set A devices with dimensions as noted previously,
ness of 2.5:m and a bending angle of 0.2 rad with 22 tine pairgxcept? = 0.1 rad. Numerically simulated curves were fitted to
at a separation &m and overlap of 112:m, this suggests a measurements using the zero bias capacitance and the Young’s
reading ofAC' = 3.7 fF. In comparison, the measured valugnodulus as fitting parameters. A comparison of a measured and
was 5.0 fF. fitted curve pair is shown in Fig. 14. The best fitkafz corre-

, sponded to a Young's modulus of 13515 GPa at 23C for the
B. C-V Measurements, Young’'s Modulus, and Residual Streétéctroplated metal.

Although the Young’'s modulus of bulk nickel is 208 GPa, Measurements for the set B device are plotted in
electroplated nickel demonstrates significant variability dé~ig. 15 as fractional changes in measured capacitance,
pending on deposition conditions such as current density arel, [C(V)/C(V = 0)] — 1, againstV2. In this represen-
can have a substantially lower modulus [27]. This underscoriagion, they-axis is proportional to the fractional change in
the need forin situ material property measurements. For Nihe gap between the tines, while theaxis is proportional to
electroplated under particular conditions, a value of 150 GHze electrostatic force. At 2& the best fit corresponds to a

K
.
’

F)

Cap
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Fig. 15. Measured's for set B sensors at various temperatut@s.is the  fig 17. A typical set of data obtained with the load-deflection measurement.
measured”’ 4~ atV = 0.

0.135 , 0.410 cific location. The force-displacement measurement yielded the
——23C / / effective spring constant of the cantilever and this spring con-
0430 — 85°C / 0415 stant was used to calculate the Young's modulus of the mate-
& ™ rial. Using this method, 40 load-displacement curves were gath-
& 7@/] ;m ered with a loading force applied 7.6 mm from the clamped
0125 7 0420 % point. A typical load-deflection curve is shown in Fig. 17; for
© /// }é» o this particular measurement, the spring constant is 27.6 gram
0.120 " -0.425 force per mm deflection. This spring constant translates into
ﬁ/\/ E = 115.4 GPa. The average of 40 such measurements yield
0.115 0.430 a Young’s modulus of 115.5 GPa with a standard deviation of
0 5 10 15 20 26 30 4.3 GPa. These measurements agree well with the strain sensor
Voltage (V) reading of 115+ 10 GPa.
Fig. 16. Measured\C for set B strain sensors at two temperatures. Using the measured values of strain and Young's modulus the

thermal stress in the metal microstructures can be calculated in a
5piecewise linear manner. For the plating solution and conditions
CL%sed in the set A devices, atZ3 the stress is essentially zero

ned at 100C it is approximately-105 MPa. The residual stress

or the set B structure was7.88 MPa at 23C and—27.1 MPa

. ) . t 85 C usingE = 115 GPa. For set C, in which the structural
Consequently, it may be possible to reduce the uncertainty : : ,
: : terial was expansion matched to the substrate, the Young's
usingAC measurements (Fig. 16). A set of curves such as this

mav be useful as a process control standard even if not use todulus was not measured. However, using the widely used
y be useiuias ap . ven| useQalie of 160 GPa, the stress wad0 MPa to—42 MPa at room
extract the material properties.

. temperature.
Both the set A and set B devices showed that the Young >Trace levels of contamination and variations in plating

modulus of electroplated Ni decreased with increasing temper-

ature. This is also evident from the trend in Fig. 15. The tempé:rc-mdltlons can significantly affect the mechanical properties of

- o electroplated materials. An X-ray energy-dispersive spectrum
ature coefficient of the Young’s modulus, which is the same P Y gy-cisp b

that ofk.q, was estimated as1590 ppm/K. There is significant?ﬁEDs) plot of the set A Ni plating sample indicated very

S .~ minute contamination from Cu only.
uncertainty in this value because measurement and fitting er- Y

rors are compounded. This parameter is also strongly dependent
on fabrication conditions and values ranging frefs50 ppm/K
[28] to —952 ppm/K [24] have been reported previously. In summary, the differential capacitive strain sensor is
To verify the measurements obtained using the differentidémonstrated to measure strain, Young’s modulus and thermal
capacitive strain sensor, a load-deflection test was done to megpansion coefficient for both compressive and tensile mate-
sure the Young’'s modulus. Nickel specimens from set B witfials. As a result, temperature dependency of these mechanical
W = 1.55mm,T = 185 pum andL = 45 mm were used properties can be determined. For polysilicon, the stress is
in the test. The deflection specimen was mounted on a holdaeasured to be betwee0 MPa and-42 MPa. Also, it was
such that it was cantilevered with the boundary conditions offaund that thea for electroplated Ni was 8-16 ppm/K over
fixed-free beam (see Fig. 17). Using a Chatillon TCD200 un23-150C; the residual strain changed from neutral-+880
versal tensile tester (which can also provide compressive loadsgrostrain over 23—10@ in one case ang68.5 microstrain
which has a force resolution of 0.01 N, a blade edge was loto- —420 microstrain over 23—-13C in another case; and the
ered with precise motion control to exert a line force at a sp¥oung’s modulus ranged from 115-135 GPa at room tempera-

Young’'s modulus of 115 10 GPa. Some of the uncertainty i
attributable to the calculation of fringing fields and the impa
of parasitics in measurements. These were eliminated from
strain measurements becaud€’ was used instead af 4.

V. CONCLUSION
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ture. Theoretical calculations indicate tl&tV measurements [16]
can be affected by variations in device dimensions. However,
when these are knowa priori, the measurements of material |17,
properties provided by differential capacitive strain sensors
are consistent with expectations. This device is suitable for
monitoring fabrication and packaging process variables an(j:is
may also be used to compensate other sensors over exten e&
periods of deployment for drifts in material properties.
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